Escherichia coli's cAMP receptor protein (CRP), the archetypal bacterial transcription factor, regulates over a hundred promoters by binding 22 bp symmetrical sites with the consensus core half-site TGTGA. However, Haemophilus influenzae has two types of CRP sites, one like E.coli's and one with the core sequence TGCGA that regulates genes required for DNA uptake (natural competence). Only the latter 'CRP-S' sites require both CRP and the coregulator Sxy for activation. To our knowledge, the TGTGA and TGCGA motifs are the first example of one transcription factor having two distinct binding-site motifs. Here we show that CRP-S promoters are widespread in the g-proteobacteria and demonstrate their Sxy-dependence in E.coli.
INTRODUCTION
The Escherichia coli cAMP receptor protein (CRP), also called the catabolite activator protein (CAP), was the first transcription factor to be purified and the first to have its structure solved (1, 2) . The protein's N-terminal sensory domain binds its allosteric effector cyclic AMP (cAMP) with high affinity, resulting in a conformational change that exposes a C-terminal helix-turn-helix DNA-binding domain. Adenylate cyclase raises intracellular levels of cAMP sufficiently to trigger CRP-DNA binding when the flow of preferred (PTS-transported) sugars across the cell membrane slows or stops, usually because of depletion of these sugars in the cell's environment. Once bound to DNA, CRP makes protein-protein contacts with RNA polymerase and recruits it to promoters to initiate transcription. In rare cases CRP acts as a repressor by overlapping polymerase-binding sites (3) . Over 100 CRP-regulated promoters have been identified experimentally (listed at RegulonDB, http://regulondb.ccg. unam.mx:80/index.html) and over 400 sites have been predicted computationally (4) (listed at TractorDB, http://www. tractor.lncc.br/), making CRP the global regulator of the cell's response to carbon and energy shortage.
E.coli CRP binds as a homodimer, specifically to symmetrical 22 bp DNA sites with the consensus half site 5 0 -A 1 A 2 A 3 T 4 G 5 T 6 G 7 A 8 T 9 C 10 T 11 . The protein makes direct contact with base pairs G:C 5 , G:C 7 and A:T 8 in the highly conserved core motif T 4 G 5 T 6 G 7 A 8 , and binding induces a localized kink of 43 between positions 6 and 7, wrapping the DNA around CRP and strengthening the association (5, 6) . Though base pair T:A 6 is not directly contacted by CRP, it is recognized indirectly because kink formation strongly favours T:A 6 over other base pairs (5-7). For example, replacement of T:A 6 in a consensus CRP site with C:G 6 causes an 80-fold reduction in CRP affinity by increasing the free energy required to bend the DNA (6) .
In vitro, transcription stimulation by E.coli CRP requires no other protein factors (8) . In vivo, however, CRP-regulated promoters are typically coregulated by one or more additional factors binding to DNA sites adjacent to CRP. The classic example is the lacZYA promoter, which contains binding sites for both CRP and the LacI repressor. Although, CRP binds to this promoter during sugar starvation, no transcription occurs unless the LacI repressor binds lactose and releases the DNA. Many other interactions have been characterized (9) (see RegulonDB for a list of CRP's coregulators). Some coregulators act independently of CRP; others affect CRP binding either by modifying DNA conformation or by increasing the local CRP concentration through protein-protein contacts. This complex interplay between multiple regulators at any given promoter may explain why Zheng and coworkers found that the degree of promoter dependence on CRP was not correlated with the quality of the CRP-binding site (3) .
CRP-DNA affinity increases with increasing similarity of a DNA site to the CRP consensus, but CRP's affinity for a site matching the consensus is too strong to be biologically useful (10) . This may explain why none of the 182 experimentally determined E.coli CRP sites listed in RegulonDB exactly match the 22 nt consensus and all but nine sites are mismatched at one or more positions of the 10 nt core. The degree of similarity to the consensus has been proposed to generate an adaptive hierarchy allowing genes with better sites to be preferentially activated at low cAMP concentrations (11, 12) .
Despite the extensive variation among CRP sites, no significance has been attached to which positions vary. However, this model is changing with the new understanding of CRPbinding site specificity emerging from studies in the naturally competent bacterium Haemophilus influenzae. Transcriptome analysis of competence-inducing conditions in H.influenzae revealed that, in addition to the expected suite of CRPpromoters with typical CRP sites, unusual CRP-binding sites regulate genes required for DNA uptake (13) . The CRP sites in these 13 competence-induced promoters are described by an alternative motif, 5 0 -T 1 T 2 T 3 T 4 G 5 C 6 G 7 -A 8 T 9 C 10 T 11 (note C 6 rather than T 6 ), and absolutely require a second protein, Sxy (also called TfoX), for induction. Because Sxy lacks recognizable DNA-binding domains, and Sxy-dependent promoters contain no other sequence motifs, Sxy is not thought to act by binding a specific DNA sequence. Instead, the presence of C rather than T at position 6 of the CRP half-site appears to make Sxy essential for CRP-DNA binding and transcription activation (13, 14) . Consistent with this requirement, conditions that induce competence increase sxy expression, and sxy over-expression leads to strong induction of the competence genes (13, 15) . Because these competence-specific CRP-binding sites were originally identified only as consensus sequences in H.influenzae competence gene promoters, they were called competence regulatory elements (CREs). Here we introduce the terms CRP-N and CRP-S to distinguish between canonical (Sxy-independent) and Sxy-dependent CRP sites.
Natural competence is known in only a few g-proteobacteria [Vibrio cholerae, five Pasteurellaceae species and three species of Pseudomonas (16-18)], and our understanding of its genetics and molecular mechanisms comes almost exclusively from studies of H.influenzae, where genetic analysis has identified more than 20 genes required for DNA-binding, transport and recombination [e.g. (19, 20) , summarized in (13) ]. Here we report that competence is likely to be ubiquitous in the g-proteobacteria, as most of the genes essential for competence and transformation in H.influenzae are found in the five best-studied g-proteobacteria families (Enterobacteriaceae, Pasteurellaceae, Pseudomonadaceae, Vibrionaceae and Xanthomonadaceae). In three of these families (Enterobacteriaceae, Pasteurellaceae and Vibrionaceae), many of these genes have promoter sites matching the H.influenzae CRP-S motif. In E.coli, we demonstrate experimentally that these CRP-S promoters, like their H.influenzae counterparts, require both CRP and Sxy for transcription. Completed genomes were searched using BLASTP and incomplete genomes were searched using TBLASTN. The M.haemolytica genome was searched using the BLAST server at Baylor College of Medicine; all other searches were conducted using the NCBI and TIGR web servers. For unfinished genomes, open reading frames were visualized using Sequence Analysis (http://informagen.com/SA/). Genes were considered orthologous if they were the top hit in reciprocal BLAST searches and if the alignment included at least 75% of the shorter gene. All homologs of H.influenzae CRP-S regulon genes identified in this study fit this definition, except some of those in the comA-E and the pulG-HI0941 operons. The comA-E operon has been previously shown to be conserved in g-proteobacteria (21). For several homologs of H.influenzae CRP-N-regulated genes, duplication events have generated paralogs in some species, thus we analysed all paralog promoters. For the Pseudomonadaceae and Xanthomonadaceae species not listed in Figure 1 , gene orthologs were identified using RSATools 'ortholog search' (http://rsat.ulb.ac.be/rsat/) (22) .
MATERIALS AND METHODS

Genome sequence analysis
Promoter analysis: identifying transcription factor binding sites
Promoter regions were defined as the sequence between À300 bp and the start codon of the first gene in a transcription unit. The H.influenzae comA-E operon CRP-S site overlaps an upstream ORF, so we allowed overlap with upstream ORFs in all searches to avoid missing transcription factor binding sites. In cases where gene order within transcriptional units differs between lineages, we analysed only the promoter regions of predicted transcription units, and not the DNA immediately upstream of orthologs.
CONSENSUS (23) and Gibbs motif sampler (24) were run using RSATools. BioProspector (25) was run at http://ai. stanford.edu/~xsliu/BioProspector/. Because motif discovery algorithms have poor accuracy when searching for motifs shorter than 10 bp (26), we tested the following motif widths: 10, 11, 12, 13, 14, 16, 18, 20 bp for BioProspector, plus 22 bp for CONSENSUS and Gibbs. Sites identified by all three programs as matching a significant motif in all width categories were included in Table 1 . The average E.coli transcription factor binding site motif length is 21 (26) , and statistical significance is greater for longer motifs due to increased information content; thus special consideration was given to sites identified only in search widths greater than 16 bp if they were identified in all 18 to 22 bp searches.
Parameters were set to allow for promoters with multiple or no sites. BioProspector was set to search for either one block motifs, or two-block palindromes with a gap of 0 to 6 bases between blocks; background models were set as 'E.coli intergenic' for searching Enterobacteriaceae and 'V.cholerae intergenic' for searching Vibrionaceae, while background was modeled from the promoters being searched for the other three families. Searching the reverse DNA strand or for symmetrical motifs with CONSENSUS and Gibbs did not identify any additional high-confidence sites. (33) . Abbreviations: Pasteur, Pasteurellaceae; Entero, Enterobacteriaceae; Vibrio, Vibrionaceae; Pseud, Pseudomonadaceae; Xanth, Xanthomonadaceae; H.i., H.influenzae; M.s., M.succiniciproducens; P.m., P.multocida; A.a., A.actinomycetemcomitans; H.s., H.somnus; A.p., A.pleuropneumoniae; M.h., M.haemolytica; E.c. E.coli; S.t., S.typhimurium; Y.p., Y.pestis; V.c., V.cholerae; V.p., V.parahaemolyticus; V.v., V.vulnificus; P.a., P.aeruginosa; P.f., P.fluorescens; X.c., X.campestris; X.f., X.fastidiosa. To score putative CRP sites in the Pasteurellaceae, three weight matrices were generated as described previously (13, 14) . I seq scores were calculated using PATSER, available at RSATools.
E.coli strains
The pASKAsxy clone (JW0942, CmR), and knockouts crp::KanR (JWK5702) and cyaA::KanR (JWK3778) were acquired from the GenoBase ASKA/GFP(-) and KO collections, respectively (27, 28) , and cultured on Luria-Bertani (LB) medium (30 mg/ml chloramphenicol or 10 mg/ml kanamycin). Knockout strains were made chemically competent with RbCl and transformed with pASKAsxy as described previously (29) .
Protein purification and bandshifts E.coli CRP was purified from a strain constructed by Peekhaus and Conway (30) in which the crp coding sequence is cloned under lac promoter control in the His-tag vector pQE30 (Qiagen). Cells were grown in LB (25 mg/ml kanamycin and 100 mg/ml ampicillin) and crp expression was induced at OD 600 0.6 with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cells were harvested after 4.5 h by centrifugation and the pellet was frozen overnight at À20 . Native CRP was purified as follows: the pellet was resuspended in lysis buffer (50 mM sodium phosphate, 300 mM sodium chloride and 10 mM imidazole), then treated with 1 mg/ml lysozyme for 30 min at 24 followed by sonication on ice. Insoluble material was removed by centrifugation at 10 000 g for 25 min and the supernatant was then incubated with nickel-nitriloacetic acid agarose beads for 1 h at 4 with gentle rocking. The agarose beads were loaded in a column and washed twice with four column volumes of wash buffer (50 mM sodium phosphate, 300 mM sodium chloride and 20 mM imidazole), and protein was collected in elution buffer (50 mM sodium phosphate, 300 mM sodium chloride and 250 mM imidazole). Purified protein was desalted with Nanosep 3K Omega membranes (Pall), then resuspended in storage buffer (20% glycerol, 40 mM Tris and 200 mM potassium chloride) and stored at À80
. CRP purity was assessed on Coomassie stained SDS-PAGE gels.
PCR was used to amplify DNA fragments containing the ppdD, yrfD and lacZ CRP sites as well as part of the coding region from hofB. The following primers were used for PCR:
0 -CCAGGTTTCCCAGCACTTTTA-AT. Amplicons were purified using PAGE. Bands were then excised and DNA was eluted from macerated gel overnight in TE at 37 , ethanol precipitated and resuspended in 10 mM Tris. DNA was end-labeled with T4 polynucleotide kinase using a 10-fold molar excess of [g-32 P]ATP, and unincorporated label was removed with a PCR cleanup spin column (Sigma).
CRP-DNA binding reactions (10 ml) contained 100 nM CRP, 10 mM Tris (pH 8.0), 50 mM KCl, 5% (v/v) glycerol, 250 mg/ml BSA, 100 mM cAMP, 1 mM DTT, 40 mg/ml poly(dI-dC) DNA and 1 · 10 6 c.p.m. labelled bait DNA. Reactions were incubated at room temperature for 10 min before being loaded onto a prerun polyacrylamide gel [30:1 acrylamide-bisacrylamide; 0.2· TBE (89 mM Tris, 89 mM borate and 2 mM EDTA (pH 8.3)], 2% glycerol, and 200 mM cAMP; running buffer 0.2· TBE and 200 mM cAMP. After electrophoresis for 2.5 h at 100 V, the gel was dried and exposed for 2 h to a phosphor screen. Bands were visualized using a STORM 860 scanner.
Quantitative PCR
Total RNA was isolated from cultures using RNeasy Mini Kits (QIAGEN) and purity and quality assessed by electrophoresis in 1% agarose (1· TAE). RNA was then DNase treated twice with a DNA Free kit (AMBION) and cDNA templates were synthesized using the iScript cDNA synthesis kit (BioRad). PCR primers: ppdD primers same as hofB primers above, yrfDF 5
0 -CGCCTGGTTGTTAGCATCGT. Reactions were carried out in duplicate with each primer set on an ABI 7000 Sequence Detection System (Applied Biosystems) using iTaq SYBR Green Supermix (BioRad). 23S rRNA was used as an internal standard for each RNA prep, with cDNA templates diluted 1/1000 and 1/10 000; 23SF 5 0 -GCTGATACCGCCCAAGAGTT, 23SR 5 0 -CAGG-ATGTGATGAGCCGAC. Standard curves were generated with five serial tenfold dilutions of DH5a chromosomal DNA.
Phylogenetic analysis
Amino acid sequences were aligned using CLUSTALX, and these alignments were used to align nucleic acid sequences as codons using Codon Align (31) . Phylogenies were estimated using the PHYLIP software package (32) . The trees presented in Figure 8 are consensus trees from 100 datasets generated with SeqBoot. Maximum likelihood trees were constructed using dnaML, and parsimony trees were constructed using dnaPars; both programs generated congruent consensus trees (produced with Consense).
RESULTS
The discovery that H.influenzae has two kinds of CRP sites with distinct regulatory functions immediately raised the question of whether this dichotomy occurs in other species. This issue is especially pertinent for E.coli, where CRP has been thoroughly studied and is thought to be very well characterized. To address this we first identified orthologs of H.influenzae CRP-S genes in other genomes and examined their promoter regions for sequence motifs.
Orthologs of H.influenzae competence regulon genes in g-proteobacteria
We have previously reported that all sequenced Pasteurellaceae genomes have the 17 genes required for DNA binding and uptake in H.influenzae (16) . Here we extend this to all 26 of the genes in H.influenzae's CRP-S regulon and to members of four other g-proteobacteria families: the Enterobacteriaceae, Pseudomonadaceae, Vibrionaceae and Xanthomonadaceae. We have excluded other g-proteobacterial families from our analysis because they have not been as well studied and lack multiple genome sequences. The five families analysed here have well resolved phylogenies (see tree on the left side of Figure 1 ) and are used routinely to represent the diversity of g-proteobacteria (33) (34) (35) . Figure 1 shows the results of our expanded search. Orthologs of crp are present in all genomes. The competencespecific regulator sxy has orthologs in the Enterobacteriaceae, Pasteurellaceae and Vibrionaceae; in the latter a gene duplication event has generated sxy paralogs. In addition, weak matches to the Sxy N-and C-terminal domains (BLAST E-values > 0.01) are scattered throughout the eubacteria, suggesting that these domains represent functionally independent modules.
All five families have orthologs of all 'com' genes, pilA-D, rec2, dprA (smf), radC, HI0365 and ssb, although individual genes are missing from some species. P.fluorescens lacks pilB, E.coli and S.typhimurium lack pilF2, and A.actinomycetemcomitans lacks HI0940 and HI0941. The incomplete M.haemolytica genome is missing sequence upstream of pilF2, which may explain why no HI0365 ortholog was found. Other genes have a more sporadic distribution. ligA, HI0659 and HI0660 occur in only a few genomes, while HI1631 is unique to H.influenzae. Although BLAST searching did not detect any Enterobacteriaceae homologs of H.influenzae pulG-HI0941 genes, in both Pasteurellaceae and Enterobacteriaceae four similar-sized genes annotated only as 'prepilin peptidase dependent proteins' are adjacent to the highly conserved recC. Thus, we consider these Enterobacteriaceae genes to be orthologous to H.influenzae pulG-HI0941.
Most but not all of these genes are known to have roles in DNA uptake and transformation in H.influenzae (13) , and their distribution indicates that they were present in the common ancestor of the g-proteobacteria. Preservation of these genes over hundreds of millions of years suggests that natural competence may be much more common than previously suspected.
Sequence motifs in competence gene promoters
The continuous arrows in Figure 1 depict predicted transcriptional units; the conservation of these operons suggests that selection on functional interactions between gene products has preserved their common regulation (36) . We used cross-species sequence comparisons (also called phylogenetic footprinting) to identify conserved transcription factor binding sites in these promoters. This method is based on the premise that natural selection will have conserved the transcription factor binding sites in promoter regions that have elsewhere accumulated neutral mutations, so that finding shared motifs in promoters of orthologous genes is evidence of a conserved regulatory mechanism.
To avoid biasing the results we did not search for CRP-site motifs, but instead used an unbiased search to find any motifs shared between the upstream 'promoter' regions of the transcriptional units in Figure 1 (promoter regions are defined in Materials and Methods). Promoter regions were pooled within each family and were searched using three popular motif discovery programs: CONSENSUS (23), Gibbs motif sampler (24) , and BioProspector (25) . All three programs are designed to detect patterns ('motifs') in unaligned DNA. Unlike pairwise and multiple alignment algorithms, motif discovery programs can exclude sequence that does not match a motif while also being able to find multiple repeats of a motif in a sequence. CONSENSUS generates weight matrices and calculates a log-likelihood ratio ('information content') to identify related sequences. Gibbs motif sampler iteratively samples motif models and scores individual sites against the models. BioProspector is a variant of the Gibbs sampling algorithm that integrates relationships between adjacent nucleotides. Motif discovery programs often identify false-positive sites; our use of three different algorithms provides cross-validation and greatly reduces the potential for false-positives (26). Consequently we placed high confidence in sites identified by all three programs. Table 1 shows the number of promoters searched within each bacterial family, as well as the outcome of the phylogenetic footprinting analysis. (Search parameters are described in Materials and Methods.) These analyses generated long lists, which are provided as Supplementary Data; below we present only sequence logo versions of the shared motifs.
CRP-S and CRP-N sites in the Pasteurellaceae
Phylogenetic footprint analysis of the 91 Pasteurellaceae promoters in Figure 1 identified a single motif shared by 87 promoters; each of which had a single site. Because the M.haemolytica genome sequence is incomplete, promoter sequences could not be associated with comE1, pilF2 or comM. A sequence logo summary of the motif is shown in Figure 2A ; the sites themselves are listed in Supplementary  Table 1 . To control for the possibility that including the 13 H.influenzae promoters had seeded the motif searches, we repeated the analysis with these promoters excluded; this identified the same motif at the same 74 sites in the other genomes.
The motif in Figure 2A resembles the CRP-S consensus, but more rigorous analysis required comparison with a dataset based on canonical CRP promoters. Thus we next determined whether the CRP-N sites in Sxy-independent H.influenzae promoters are also conserved in the other species. CRP-N sites regulate 41 transcriptional units in H.influenzae, encoding genes for sugar utilization, nutrient uptake and central metabolism during competence development (13) . To provide comparable numbers of genes in the CRP-N and CRP-S datasets, we limited the CRP-N analysis to homologs from only P.multocida, M.succiniciproducens and H.ducreyi. This yielded one motif shared by 21 M.succiniciproducens sites, 35 P.multocida sites and 15 H.ducreyi sites (summarized by the sequence logo in Figure 2B ; sites listed in Supplementary Table 2 ). As expected, this motif strongly resembled CRP-N sites.
The weight matrix method of Stormo and Hartzell (37) was used to quantify the similarities and differences between these putative CRP-S and CRP-N sites. We first scored all sites for goodness-of-fit with the 58 experimentally determined H.influenzae CRP-binding sites (CRP-N and CRP-S combined). The weight scores (I seq ) for all sites overlapped the scores of the H.influenzae CRP sites used to construct the matrix ( Figure 3A) . The lowest two bars are controls, showing that all the predicted sites differ significantly from 1800 randomly generated sequences with the same G + C content as the average Pasteurellaceaen genome (40.4% G + C) and from all 22 bp sequences in the CRP-independent cydA promoter regions of H.influenzae, M.succiniciproducens and P.multocida. Sample means were compared using the Tukey-Kramer 'honestly significant difference' test for multiple-comparison of samples with unequal n. This confirmed that putative CRP-S and CRP-N sites are indistinguishable from one another when scored with the CRP58 matrix, but differ significantly from random and cydA sequence (P < 0.0001). These results indicate that all of the predicted CRP sites are very likely true CRP-binding sites.
To test whether the distinction between CRP-N and CRP-S sites exists in Pasteurellaceae other than H.influenzae, two more weight matrices were generated from subsets of the verified 58 H.influenzae CRP sites: one from the 13 CRP-S sites and the other from the 45 CRP-N sites. Figure 3B summarizes the scores of the Pasteurellacean promoters. All but one of the 74 predicted sites from Pasteurellaceae genes in Figure 1 (orthologs of H.influenzae CRP-S genes) scored higher with the CRP-S weight matrix than any of the CRP-N orthologs, with the sole exception of the A.actinomycetemcomitans rec2 promoter site. Conversely, the 71 sites in all M.succiniciproducens, P.multocida and H.ducreyi orthologs of CRP-N-regulated genes scored higher with the CRP-N matrix. For all species, the CRP-S and CRP-N I seq scores differ significantly (Tukey-Kramer, P < 0.0001). These results show that the CRP regulons are subdivided by CRP-S and CRP-N sites in all sequenced Pasteurellaceae genomes. 
CRP-S and CRP-N sites in the Enterobacteriaceae
Phylogenetic footprint analysis of the 33 Enterobacteriaceae promoters in Figure 1 (CRP-S orthologs) identified a single conserved motif present at 38 sites (summarized by the sequence logo in Figure 2C ; sites are listed in Supplementary  Table 3 ). Analyzing the 90 promoters of orthologs of H.influenzae CRP-N-regulated genes yielded 57 sites sharing one motif (sequence logo in Figure 2D ; sites listed in Supplementary Table 4 ). As expected, the CRP-N-ortholog motif in Figure 2D is a canonical CRP site, whereas the CRP-Sortholog promoter motif in Figure 2C has significant overrepresentation of the C 6 and G 17 bases characteristic of CRP-S sites. Figure 4 shows physical maps of these predicted CRP-S promoters; for each gene the locations of putative CRP sites are often very similar in the three Enterobacteriaceae, providing further evidence of a conserved biological function. Taken together, these results are a strong indication that Enterobacteriaceae competence gene orthologs are part of a distinct regulon characterized by CRP-S sites. The lack of any previously characterized Enterobacteriaceae CRP-S sites precluded us from applying the weight-matrix analysis used for the Pasteurellaceae sites.
CRP-S and CRP-N sites in the Vibrionaceae
Although, V.cholerae had not been known to be naturally transformable, Meibom et al. (38) found that one of the two V.cholerae sxy orthologs, VC1153, and orthologs of H.influenzae competence genes comA-E, pilA-D, pilF2 and dprA are among the genes induced when cells are cultured in the presence of chitin. They subsequently demonstrated that competence can be induced if cells are cultured with chitin (17) , and that sxy is essential for competence, as in H.influenzae. Over-expression of the sxy ortholog VC1153 was also shown to up-regulate 99 genes, including the competence genes induced by chitin (17, 38) .
Consequently we expected to find CRP-S motifs in the promoters of the H.influenzae competence gene orthologs. However, when the 33 promoters from the Vibrionaceae species in Figure 1 were analysed as described for the Enterobacteriaceae and Pasteurellaceae, no significant conserved motifs were detected. Analyzing each species' promoters separately also failed to recover any significant motifs.
To narrow the set of genes being searched we used the V.cholerae gene expression studies. Analysis of the 78 promoters of the 99 Sxy-induced V.cholerae genes did not identify any significant shared motifs. However, the 99 Sxy-induced genes include six transcription factors and expression was not assayed until several cell-generations after induction of sxy, leading us to suspect that some of the 99 genes are not directly Sxy-regulated but induced secondarily by these other transcription factors. As some of the induced genes showed only modest induction and our analysis required high-confidence members of the Sxy regulon, we then limited our analysis to promoters induced by both Sxy and chitin (19 of 22 chitin-induced promoters, excluding sxy itself).
The three motif recognition algorithms agreed on a single motif shared by five promoters, comA-F, pilA-D, VC0047-dprA, pilF2 and VCA0140. These five promoters were pooled with the homologous promoters from V.parahaemolyticus and V.vulnificus, and used for the motif search whose results are shown in Figure 2E . This search identified a single motif present at 24 sites in the 15 promoters (sites listed in Supplementary Table 5 ). The right half of the motif aligns well with the CRP-S motifs already found in Enterobacteriaceae and Pasteurellaceae promoters. Because the left half-motif only weakly resembles the CRP-S half-motif, the 19 V.cholerae promoters were re-examined for shorter motifs. This identified the motif 5 0 -ACTCG(A/C)AA in most of the 19 Sxyinduced V.cholerae promoters, but these shorter sites were excluded from further analysis because they were not consistently identified by all three search algorithms. However, all three algorithms scored this motif as more statistically significant than similar-sized motifs found in the other bacterial families. Because this short motif is contained within the sites summarized in Figure 2E , it appears to represent a shorter, more frequent variant of that longer motif.
The CRP-dependence of these genes has not been directly investigated, but natural transformation is catabolite repressed in V.cholerae (17) , as expected for a CRPdependent process. Taken together, these results strongly Table 3 ). In all three comA promoters, a second CRP-S lies >200 bp away from the gene start (E.c. À246, S.t. À247, Y.p. À246).
suggest that CRP-S sites mediate induction of natural competence in V.cholerae by CRP and Sxy.
Little is know about the global regulatory role of CRP in Vibrionaceae, where research has focused on the regulation of virulence (39, 40) . To determine whether CRP regulates a similar set of genes to those seen in the Enterobacteriaceae and Pasteurellaceae, we examined promoters of orthologs of H.influenzae CRP-N-regulated genes for shared motifs. This analysis found two highly conserved motifs: the expected one matching the CRP sites found in the Enterobacteriaceae and Pasteurellaceae ( Figure 2F ), and one matching the PurR repressor binding site consensus ( Figure 5) ; the genes and sites are listed in Supplementary Tables 6 and 7 . The CRP motif in Figure 2F shows very strong overrepresentation of T:A 6 and A:T 17 , placing these sites in the CRP-N regulon as in Pasteurellaceae and Enterobacteriaceae.
PurR represses nucleotide biosynthesis genes when intracellular purine nucleotide pools are high. The candidate PurR sites were detected in 24 of the 71 Vibrio promoters (8 in V.cholerae, 7 in V.parahaemolyticus, and 9 in V.vulnificus), including 13 of those that also had CRP-N motifs (Supplementary Table 7 ). Of the eight V.cholerae promoters, two (purE and uraA) are members of the PurR regulon predicted by TractorDB and by Ravcheev et al. (41) , and are also regulated by both CRP and PurR in H.influenzae (13) . This analysis adds six new promoters (cdd, fbp, mdh, mglB, rbsD and pckA) to the 19 previously predicted promoters in the V.cholerae PurR regulon. Two of these six (cdd and rbsD) regulate genes involved in nucleotide metabolism, so their inclusion in the PurR regulon is not surprising. The remaining four promoters regulate galactose uptake genes (mglB) and genes for synthesizing precursor metabolites (fbp, mdh and pckA).
Pseudomonadaceae and Xanthomonadaceae orthologs lack conserved regulatory motifs Although none of the Pseudomonadaceae and Xanthomonadaceae genomes listed in Figure 1 contained sxy orthologs, CRP orthologs are present. In Pseudomonadaceae, the CRP ortholog Vfr (virulence factor regulator) regulates quorum sensing, protein secretion, motility and adherence (42) (43) (44) (45) . In Xanthomonadaceae, the CRP ortholog Clp (CAP-like protein) regulates the synthesis of extracellular enzymes, pigment and xanthum gum (46, 47) .
Because significantly fewer H.influenzae CRP-N genes are conserved in the Pseudomonadaceae and Xanthomonadaceae than in other families, we searched five additional genomes of each family for homologs of H.influenzae genes with CRP-N and CRP-S sites (Table 1) . For each family the genomes used are specified in Materials and Methods.
We identified 63 Pseudomonadaceae-promoter and 68 Xanthomonadaceae-promoter orthologs of H.influenzae CRP-S-regulated genes. No conserved motifs were detected in the promoters from either family. Transcriptome analysis has found that Vfr weakly induces members of the pilM-Q (comA-E orthologs) and pilB-D operons, in addition to many genes involved in motility and adherence (45) . However, motif searches restricted to the pilM-Q and pilB-D promoters in all Pseudomonadaceae did not identify any conserved motif. In the absence of expression data for Clp in Xanthomonadaceae, we could not further refine our search parameters.
We similarly analysed 119 Pseudomonadaceae-promoter and 77 Xanthomonadaceae-promoter orthologs of H.influenzae CRP-N-regulated genes. Neither pool of promoters contained a significant conserved motif. The absence of conserved motifs suggests that orthologs of H.influenzae CRP-regulated genes are not CRP-regulated in the Pseudomonadaceae or Xanthomonadaceae.
Regulation of predicted E.coli CRP-S promoters by CRP and Sxy
The above bioinformatics analysis suggested that the extensive experimental work on CRP function in E.coli has overlooked the Sxy-specific CRP sites. We directly tested the regulation of these sites in E.coli.
First, to test whether CRP binds specifically to E.coli CRP-S sites, we purified His-tagged E.coli CRP under native conditions and used electrophoretic mobility-shift assays (EMSA) to detect site-specific DNA-binding ( Figure 6 ). We tested binding to the E.coli ppdD (b0108; pilA ortholog) and yrfD (b3395; comA ortholog) promoters, which contain one and two predicted CRP-S sites respectively but no predicted CRP-N sites. The E.coli lacZ promoter served as a positive control as it contains a well-studied CRP-binding site. The hofB (b0109; pilB homolog) gene is adjacent to ppdD but does not contain any CRP site; it and cloning-vector DNA (data not shown) served as negative controls. No bandshifts were observed in the absence of CRP or with negative control hofB DNA (Figure 6, lanes 1 and 4) . Bandshifts are apparent in lanes 2 and 3, although very little DNA is shifted relative to the lacZ promoter in lane 5, indicating that CRP has low but specific affinity for CRP-S sites. The yrfD promoter generates two faint bands; the higher molecular weight band is likely the result of occupancy of both CRP sites, the lower molecular band from CRP binding to only one site. The greater mobility of these yrfD-CRP promoter complexes relative to ppdD and lacZ complexes may be because the CRP-S sites are at the ends of the yrfD DNA fragment (indicated in Figure 6 )-CRP-induced DNA bending is known to reduce mobility in these assays, and the effect is smaller if the CRP site is near the fragment's end (11, 48) . For each site the I seq scores generated from the standard E.coli CRP weight matrix (4) are shown at the bottom of Figure 6 ; the low affinity of CRP for the ppdD and yrfD CRP-S sites is consistent with their low scores.
Having found that the predicted CRP-S sites in E.coli are bona fide, albeit weak, CRP sites, we used quantitative PCR to test whether two of the E.coli genes with CRP-S promoters (ppdD and yrfD) are CRP-induced in vivo, and whether this induction is Sxy-dependent. The E.coli sbmC gene was included in this analysis; it has no H.influenzae homolog but is CRP regulated, and its predicted CRP site resembles the CRP-S motif (3) (Figure 7A) . A representative CRP-N-regulated gene, mglB, was also included. To examine Sxy dependence, exponentially growing cells carrying E.coli sxy cloned under LacI repression were induced with IPTG ( Figure 7B and C) . The red bars in Figure 7B show that IPTG induction of Sxy induced ppdD 90-fold, yrfD 16-fold, and sbmC 6-fold, but had no detectable effect on mglB. Previous studies have found that the E.coli yrfD-hofQ operon is transcribed either poorly or undetectably [summarized by (49) ]; attempts to detect ppdD transcript have also failed (50) . This is the first demonstration that these genes are not only transcribed but very strongly induced by Sxy. These findings also imply that the amount of Sxy in LB-grown cells is too low to permit induction of yrfD and ppdD.
To test the CRP-dependence of these genes, transcription analysis was repeated using a host carrying a crp knockout ( Figure 7B) . Comparison of the grey and green bars shows that induction of all four genes is absolutely dependent on CRP, confirming the bandshift results. Because Sxy is thought not to bind DNA, we also examined gene expression in cyaA -cells to test whether Sxy might act by overriding CRP's dependence on its allosteric effector cAMP. In this genetic background, exogenous cAMP was required for induction of all four genes ( Figure 7C ), indicating that Sxy does not bypass CRP's cAMP-dependence. Again, whereas induction of ppdD, yrfD and sbmC absolutely required both CRP and Sxy, mglB was induced by exogenous cAMP to the same levels in the presence or absence of Sxy. All four genes were also catabolite repressed by the addition of glucose to culture medium, and induction was restored upon addition of cAMP (data not shown). Together, these results indicate that E.coli CRP-S promoters are genuine CRP-dependent promoters, and that they are Sxy-dependent, as in H.influenzae. Because sbmC's Sxy dependence was predicted only by its CRP-S motif, they also validate use of this motif as a predictor of Sxy dependence.
E.coli cells carrying a plasmid expressing H.influenzae sxy had substantially elevated levels of ppdD, yrfD and sbmC but not mglB compared to cells with a control plasmid (data not shown). This implies that Sxy's as-yet-uncharacterized mode of action is the same in E.coli and H.influenzae, and is consistent with previous work showing that E.coli CRP fully complements a H.influenzae crp mutant for competence induction (51) .
Evolution of CRP and Sxy in g-proteobacteria
The above analysis revealed that specialized CRP sites regulate competence genes in the Enterobacteriaceae, Pasteurellaceae and Vibrionaceae (the 'EPV' clade), but not in the Pseudomonadaceae or Xanthomonadaceae. We used phylogenetic analysis to look for specific features of CRP that evolved in the EPV clade to allow interaction with Sxy or CRP-S sites. In examining CRP-FNR protein evolution, Korner et al. (52) have shown that gproteobacterial CRP proteins constitute a monophyletic clade, distantly related to other CRP-FNR proteins in eubacteria. However, this analysis had little resolution within the EPV clade and its results disagreed with the established relationships presented in Figure 1 . We reconstructed CRP evolution with a narrower focus, restricting the analysis to the CRP orthologs of the five families we have examined (shown in Figure 8 ). Five lineages were resolved, and their congruence with the established bacterial phylogeny shown on the left of Figure 1 confirms the findings of Korner et al. (52) that CRP is ancestral to the g-proteobacteria. The Sxy phylogeny in Figure 8 is also congruent with the established phylogeny for the EPV clade, supporting the null hypothesis that neither Sxy nor CRP has been transferred horizontally between species.
Three amino acids in the E.coli CRP helix-turn-helix confer CRP-N site recognition through base contacts (R180, E181 and R185); Figure 8 shows that they are conserved in all five families. Q170 is also conserved; it makes a base contact, but its contribution to DNA site specificity has not been investigated (53) . Consistent with conservation of these amino acids, CRPs from E.coli, H.influenzae and X.campestris preferentially bind the motif T 4 G 5 T 6 G 7 A 8 (54,55) (A. Cameron, manuscript in preparation)-comparable binding experiments have not yet been done for CRP in other families. Thus, specificity for the CRP-N motif evolved before the last g-proteobacterial common ancestor.
CRP's DNA-binding domain is contained within 50 C-terminal amino acids (aligned in Figure 8) ; six of these are shared only within the EPV clade, as expected of residues that might mediate interactions with CRP-S sites. Nothing is known about Q174, I186, M189 or I203, but both T182 and H199 contribute to DNA binding in E.coli. H199 is particularly intriguing because, along with K26 and K166, it induces a secondary, stabilizing kink in CRP-binding sites through contacts with phosphates at positions 1-3 and 20-22 (53) . The absence of H199 from Pseudomonadaceae and of all three residues from Xanthomonadaceae suggests that the secondary kink may be less important in these two families. Because CRP-S sequences hinder primary kink formation, the secondary kink may play a key role at CRP-S sites, especially in the Pasteurellaceae where CRP-S sites have a dramatic overrepresentation of flexible A and T runs at positions 1-3 and 20-22 ( Figure 2A) . Thus, we postulate that both the CRP-S motif and Sxy arose in the EPV common ancestor, and that this coincided with the introduction of H199 to strengthen the secondary DNA kink.
DISCUSSION
We have identified in many of the g-proteobacteria a mode of CRP regulation that initially was known only for the competence genes of H.influenzae. Most notably, in E.coli CRP binds to and stimulates transcription at novel CRP sites with a distinct consensus (CRP-S) that makes transcription activation dependent on an additional protein factor, Sxy. The analysis also extended evidence for natural competence to the five best-known g-proteobacterial families.
The mechanism by which Sxy facilitates CRP-DNA interactions is not known. However a wealth of information is available about how other factors affect CRP-regulated promoters in E.coli; Figure 9 summarizes these. Promoters such as lacZYA, where CRP is the sole activator, have high-affinity CRP sites; here CRP makes protein contacts only with RNA polymerase. At slightly more complex promoters, such as proP and malE, CRP and other transcription factors bind independently to high-affinity sites in promoter DNA, but act synergistically to recruit RNA polymerase (56, 57) . At promoters where CRP binds cooperatively with other proteins, higher-order nucleoprotein complexes form. For example, CRP depends on direct protein-protein interactions with MelR and CytR to bind low-affinity CRP sites in the melA and deoC promoters, respectively (58-60). CRP-S promoters are distinctive in having no apparent shared binding sites for Sxy or other factors. This is consistent with the absence of recognizable DNA binding motifs in Sxy itself. We hypothesize that Sxy interacts with CRP to stabilize CRP-DNA binding, possibly by reducing the free energy requirements for DNA kinking between the unfavourable C 6 -G 7 base pairs. This predicts that Sxy should enhance bandshifting by CRP at CRP-S sites. Unfortunately, our ongoing experiments to test this have been hindered by Sxy's poor stability in expression cultures.
There are two classes of CRP-dependent promoters [reviewed in (61) and in (8) ]. At class I promoters, such as lac, CRP binding sites are located near À62, À72, À83 or À93 relative to the transcription start site. When CRP binds to these sites, its activating region 1 (AR1) contacts RNAP's a subunit C-terminal domain (aCTD) to recruit RNAP to the promoter. At class II promoters, CRP binds near À42 and contacts occur between CRP's AR1, AR2 and AR3 and the RNAP aCTD, aNTD and s subunits, respectively. H.influenzae CRP-S sites are located near À62, À73 and À100 (13), placing them in class I, while the E.coli sbmC (CRP-S) promoter has been shown to operate through a class I mechanism (3). We expect all CRP-S promoters to belong to class I. Consequently, CRP will not be intimately associated with RNAP at these promoters, leaving more regions of the protein exposed for possible interactions with Sxy.
Might Sxy also enhance CRP activation at sites that do not fit the CRP-S consensus? In many of the CRP sites that regulate orthologs of Sxy-dependent H.influenzae genes, only one half site has the C 6 base of the CRP-S consensus, as does the Sxy-dependent H.influenzae HI1631 promoter.
In the Pasteurellaceae, the second half-site rarely matches the CRP-N consensus, and we predict that these sites will also be Sxy-dependent. In all Enterobacteriaceae CRP-S ortholog promoters, half sites that do not have C 6 always have G 6 (Supplementary Table 3 ). Thus, Enterobacteriaceae CRP-S sites are striking in never having the T 6 characteristic of the CRP-N motif. We do not know whether Sxy will also enhance CRP activation of the 39 (out of 182) E.coli CRP sites in RegulonDB that have the CRP-S C 6 base in onehalf site but not the other (e.g. the melA and deoC sites in Figure 9 ).
Although, the competence genes in the CRP-S regulon are ancestral to the EPV clade, the CRP-S sites that regulate them are likely to be dynamic, decaying and arising anew. For example, two CRP-S sites are predicted in each of the Enterobacteriaceae comA-E and comE1 promoters, unlike the single sites in each Pasteurellaceae promoter (Figure 4) . comF has its own promoter in Enterobacteriaceae, Vibrionaceae and most Pasteurellaceae species, but not in H.influenzae where it has joined the comA-E operon to retain CRP-S regulation (Figure 1) . Moreover, in H.somnus the pil operon has dissociated into three transcription units: pilA, pilB, pilCD, each with its own CRP-S site. This indicates that these genes are under strong selection to maintain CRP-S regulation.
Almost all of the genes in the H.influenzae competence regulon are conserved throughout the g-proteobacteria (Figure 1 ). Most of these are known to function in DNA binding and transport across the outer and inner membranes, but others encode cytoplasmic proteins (SSB, RadC, SbmC, DprA and ComM). Although some of the latter may be induced to promote recombination, consideration of the Figure 9 . Categories of CRP-activated promoters in E.coli. In promoters where CRP acts as a sole transcription activator or synergistic activator, it binds to highaffinity sites. CRP requires cooperativity with MelR and CytR to bind to low affinity sites in the melAB and deoCABD promoters, among others. Sxy is hypothesized to interact directly with CRP, and may also bind DNA. evolutionary function of competence may help explain both the signaling role of Sxy and the inclusion of cytoplasmic proteins in its regulon.
The most immediate consequence of DNA uptake is the provision of nucleotides, both from the strand brought into the cytoplasm and from the strand degraded at the cell surface (Gram positives) or in the periplasm (Gram negatives) (62) . Nucleotide depletion is known to be necessary for competence induction in H.influenzae (63) , and our preliminary experiments indicate that this is mediated by induction of Sxy (A. Cameron, manuscript in preparation). Thus Sxy may serve as a signal of nucleotide depletion.
This role for Sxy suggests that the CRP-S regulons may have functions beyond that of DNA uptake. In particular, depletion of intracellular nucleotide pools threatens chromosome integrity by causing replication forks to stall. E.coli employs several strategies to reduce the deleterious effects of stalled replication [reviewed in (64) ], and the cytoplasmic CRP-S-regulated genes have cellular roles that can contribute to these. SSB binds to ssDNA at stalled and aborted replication forks to reinitiate replication by helping reload the replisome (65) . RadC facilitates recombinational repair at stalled replication forks (66) . SbmC (also called GyrI) specifically inhibits DNA gyrase and consequently blocks gyrase-mediated DNA lesions during replication (67, 68) . DprA protects ssDNA from degradation in Streptococcus pneumoniae (69) , and imported DNA is rapidly degraded in H.influenzae cells lacking DprA or ComM (70, 71) . comM (b3765) is induced by ultraviolet (UV) irradiation (72) , further supporting a role in maintaining chromosome integrity. To summarize, the CRP-S regulon may unite genes that alleviate problems arising from depleted nucleotide pools; competence proteins scavenge extracellular DNA while cytoplasmic proteins protect ssDNA and promote recombination in order to resolve stalled replication forks.
More generally, the 'nutritional competence' demonstrated in E.coli is likely the best model for the role of DNA uptake in bacteria (21, 49) . Palchevskiy and Finkel (49) have shown that com genes enable E.coli to grow with DNA as the sole nutrient source and that this ability is important in longterm culture. Other bacteria may also benefit from using DNA as a nutrient, as it is abundant in many natural environments. DNA concentrations of several 100 mg/ml are typical in the mammalian mucosal niches utilized by E.coli and H.influenzae (73) . In fact, DNA's stability after cell death and lysis causes it to accumulate in many of the aquatic, soil, and animal/plant host niches inhabited by g-proteobacteria (74) . This extracellular DNA is nutritionally significant; in marine sediments it provides prokaryotes with 4% of their carbon, 7% of their nitrogen and nearly 50% of their phosphate (75) .
The 13 CRP-S sites we found in E.coli promoters have been overlooked in earlier genome-wide searches because they score very low with weight matrices derived from canonical E.coli CRP (CRP-N) sites ( Figure 6) (4, 76, 77) . We detected these unusual sites using orthology information to identify candidate promoters, and then accepted only sites selected by all of three motif recognition algorithms. The stringency of our bioinformatics approach means that it almost certainly will have missed some CRP-S sites. The true extent of the CRP-S regulons in different bacteria will be readily revealed by global transcriptome analysis using both Sxy and CRP mutants, like that done in H.influenzae. The true extent of competence in the g-proteobacteria may be harder to determine, as conditions that induce these regulons are not yet understood.
